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Abstract*
Single/year*spikes*in*radiocarbon*production*are*caused*by*intense*bursts*
of* radiation* from* space.* Supernovae* emit* both* high/energy* particle* and*
electromagnetic*radiation,*but*it*is*the*latter*that*is*most*likely*to*strike*the*
atmosphere*all*at*once*and*cause*a*surge*in*radiocarbon*production.*In*the*
1990s,*it*was*claimed*that*the*supernova*in*1006*CE*produced*exactly*this*
effect.* With* the* radiocarbon* spikes* in* the* years* 775* and* 994* CE* now*
attributed*to*extreme*solar*events,*attention*has*returned*to*the*question*
of* whether* historical* supernovae* are* indeed* detectable* using* annual*
radiocarbon* measurements.* Here,* we* combine* new* and* existing*
measurements* over* six* documented* and* putative* supernovae,* and*
conclude*that*no*such*astrophysical*event*has*yet*left*a*distinct*imprint*on*
the*past*atmospheric*radiocarbon*record.*
*
Introduction*The$ rate$ of$ natural$ radiocarbon$ (14C)$ production$ is$ primarily$ dictated$ by$ the$abundance$of$thermalized$neutrons$in$the$atmosphere.$Their$concentration$is$at$its$ highest$ in$ the$ stratosphere,$ where$ they$ are$ a$ secondary$ product$ of$ the$incessant$ cosmic$ ray$ (particle)$ bombardment$ (see$ Lal$ and$ Peters$ 1967;$ Burr$2013).$ Neutrons$ of$ appropriate$ energy$may$ also$ be$ liberated$ by$ photonuclear$reactions,$ the$most$prominent$of$ these$effects$being$the$giant$dipole$resonance$(Baldwin$ &$ Klaiber$ 1947;$ Povinec$ &$ Tokar$ 1970;$ Pavlov$ et# al.$ 2013),$ which$involves$ electromagnetic$ radiation$ inducing$ the$ collective$ oscillation$ of$ all$protons$against$all$neutrons$in$the$nucleus.$Neutron$yields$from$this$effect$reach$a$maximum$from$photons$in$the$γPray$region,$around$25$MeV$(Povinec$&$Tokar$1970;$Pavlov$et#al.$2013).$Indeed,$it$has$recently$been$conjectured$that$terrestrial$gamma$ ray$ flashes$ (TGF)$ make$ a$ minor$ contribution$ to$ atmospheric$ neutron$yields$in$this$fashion$(Carlson$et#al.$2010).$Radiocarbon$is$formed$by$the$capture$of$such$neutrons$by$nitrogen$[14N(n,$p)14C];$other$mechanisms$are$known$[such$as$16O(n,3He)14C],$but$their$impact$is$negligible$in$comparison$(Ligenfelter$1963;$Masarik$&$Beer$2009).$$$Another$ potential$ source$ of$ highPenergy$ radiation$ comes$ from$ nearPEarth$ (or$galactic)$supernovae$(SNe).$The$charged$particles$emitted$by$SNe,$however,$are$subject$ to$ perturbation$ by$magnetic$ fields$ en$ route$ to$ Earth$ and$ thus$ become$significantly$dispersed$and$retarded$(Melott$et#al.$2015;$Güttler$et#al.#2015).$ In$contrast,$the$γPray$flux$is$not$impeded$in$this$fashion$and$arrives$in$unison$with$the$ visible$ light,$ which$ would$ have$ appeared$ as$ a$ new$ star$ to$ prePmodern$observers.$Many$types$of$supernovae$exist$and$their$ luminosities$vary$widely$ P$
commonly$between$1046$–$1049$erg$(Povinec$&$Tokar$1970;$Miyake$et#al.#2012;$Melott$et#al.$ 2015;$Güttler$et#al.#2015).$A$ further$ complication$ is$ that$ SNe$may$emit$γPrays$isotropically$or$in$a$highly$collimated$fashion,$making$estimation$of$their$impact$on$Earth$even$more$difficult.$$$Damon$et#al.$(1995)$claimed$that$a$rise$in$atmospheric$14C$levels$around$1006$CE$was$ attributable$ to$ the$wellPattested$ Type$ 1a$ supernova$ at$ this$ time,$ denoted$SN1006$ (supernova$ in$ the$ year$ 1006$ CE).$ Their$ study$ comprised$ 75$conventional$ radiocarbon$measurements$ on$ annual$ treePrings$ between$1000$ –$1010$CE.$ The$ observed$ rise$ in$ 14C$ (~$ 6$‰)$ actually$ peaked$ some$2$ –$ 3$ years$after$ the$ star$ was$ first$ documented$ (see$ Table$ 1).$ Whilst$ this$ offset$ was$perplexing$to$the$authors,$it$concurs$well$with$recent$modelling$of$14C$transport$through$the$stratosphere$and$troposphere$(Pavlov#et#al.$2013;$Levin$et#al.#2010;$Güttler# et# al.# 2015).$ Only$ one$ attempt$ has$ since$ been$made$ to$ replicate$ these$findings,$ and$ it$ could$ not$ discern$ any$ significant$ uplift$ around$ 1006$ CE$ (see$Menjo$ et# al.$ 2005).$ The$ study$ also$ failed$ to$ detect$ SN1054,$ the$ explosion$ that$generated$the$Crab$Nebula.$Indeed,$the$authors$doubted$whether$any$historical$SNe$was$ energetic$ enough$ to$ be$ visible$ in$ the$ 14C$ record,$ especially$ given$ the$ebbs$and$flows$of$the$Schwabe$cycle$(Menjo$et#al.$2005).$$Attention$ recently$ returned$ to$ this$ issue$ after$Miyake$ et# al.$ (2012)$ reported$ a$rapid$ increase$ in$ atmospheric$ 14C$ levels$ in$ Japanese$ treePrings$ between$ 774$ –$775$CE.$ The$ singlePyear$ anomaly$was$ of$ unprecedented$magnitude$ (~$12$‰).$$Just$one$year$later,$the$same$team$reported$very$similar$data$for$the$years$993$–$994$CE$(Miyake$et#al.$2013).$ Importantly,$ the$uplifts$were$only$apparent$when$annual$sequences$of$treePrings$were$measured,$as$opposed$to$the$more$common$practice$ of$ analysing$ decadal$ blocks$ (see$ Figure$ 1).$ Furthermore,$ it$ has$ since$been$ established$ that$ the$ anomalies$ were$ globally$ synchronous$ and$approximately$ uniform$ in$ magnitude.$ The$ 775$ CE$ spike$ has$ already$ been$uncovered$in$dendrochronological$archives$from$Germany$(Usoskin$et#al.$2013),$the$ USA$ and$ Russia$ (Jull$ et# al.$ 2014),$ and$ New$ Zealand$ (Güttler$ et# al.$ 2015).$Henceforth,$ these$ singlePyear$ spikes$ in$ 14C$ concentration$will$ be$ referred$ to$ as$
Miyake#Events.$$$In$addition$to$their$unprecedented$abruptness$and$scale,$Miyake$Events$are$also$unique$because$they$represent$significant$increases$in$14C.$A$myriad$of$geological$and$oceanographic$processes$ can$drive$depletions,$ but$no$ terrestrial$process$ –$prior$ to$ the$nuclear$age$–$could$be$responsible$ for$such$sharp$enrichments.$On$this$ basis,$ as$well$ as$ their$ global$ impact,$ it$ was$ deduced$ that$ the$ spikes$must$have$been$ the$result$of$ intense$pulses$of$ radiation$ from$space.$At$ first,$ the$sun$was$ not$ considered$ a$ likely$ cause,$ as$ it$ was$ not$ thought$ capable$ of$ emitting$radiation$ of$ the$ required$ energy,$ so$ supernovae$ and$ other$ γPray$ sources$were$preferred$ (Miyake$ et# al.$ 2012;$ Pavlov$ et# al.$ 2013;$ Hambaryan$ $ &$ Neühauser$2013).$However,$the$consensus$now$is$that$intense$Solar$Energetic$Particle$(SEP)$events$ were$ indeed$ responsible$ (Melott$ &$ Thomas$ 2012;$ Thomas$ et# al.$ 2013;$Usoskin$et#al.$2013;$Güttler$et#al.$2015;$Mekhaldi$et#al.$2015).$SEPs$either$arise$because$ of$ extreme$ solar$ flares$ or$ Interplanetary$ Coronal$ Mass$ Ejections$(ICMEs).$A$supernova$origin$has$now$effectively$been$discounted,$on$ two$main$grounds.$Firstly,$no$historical$observations$exist$ for$supernovae$around$775$or$
994$ CE;$ although,$ the$ expected$ galactic$ SN$ rate$ of$ ~$ 1$ –$ 2$ per$ century$ does$suggest$that$many$past$events$have$gone$undetected$(Tammann$et#al.$1994).$As$is$ shown$ in$Table$1,$only$a$handful$of$observations$do$exist,$ and$none$of$ them$pertain$ to$ the$ night$ sky$ of$ the$ Southern$ Hemisphere.$ $ Secondly,$ no$ Galactic$supernova$remnant$can$be$attributed$to$an$event$at$either$of$these$dates.$$The$aim$of$this$study$is$to$establish$categorically$whether$any$historical$SNe$can$be$detected$in$the$past$atmospheric$14C$record.$$
*
Methods*We$ combined$ new$ and$ existing$ 14C$ measurements$ on$ annual$ treePrings$ that$traversed$the$following$historical$astronomical$records.$
#
1.#Star#of#Bethlehem#(SB)#This$shortPlived$star$is$mentioned$twice$in$the$gospel$of$Matthew.$Its$historicity$and$date$have$long$been$debated$(Tipler$2005),$with$recent$studies$centring$on$5$BCE$ (Kidger$ 1999).$ For$ this$ project,$ we$ measured$ new$ single$ rings$ of$ oak$(Quercus# robur)$ dendrochronologically$ dated$ to$ the$ years$ 6$ –$ 1$ BCE$ from$ the$RomanPBritish$archaeological$site$of$Hacheston$(Miles$pers$comm.).$$$
2.#SN185#The$appearance$of$a$kèxīng#or$‘guest$star’$in$185$CE$is$recorded$in$the$Houhanshu#(History$ of$ the$ Later$ Han$ Dynasty)$ of$ Imperial$ China.$ Although$ commonly$referred$ to$ as$ the$ earliest$ observation$of$ a$ supernova,$ this$ conclusion$ is$by$no$means$ unanimous$ with$ some$ palaeographers$ suggesting$ the$ text$ describes$ a$comet$ (Schaefer$ 1995;$ Chin$ &$ Huang$ 1994;$ Strom$ 2008;$ Zhao$ et# al.$ 2006;$Stephenson$ 2015).$ For$ this$ event,$ we$ measured$ new$ single$ rings$ of$ sequoia$(Sequoiadendron# giganteum),# dendrochronologically$ dated$ to$ the$ years$ 183$ –$188$CE,$from$King's$Canyon$National$Park,$USA.$$
3.#SN1006#The$supernova$in$1006$CE$was$widely$recorded$in$both$the$Eastern$and$Western$hemispheres$(Stephenson#et#al.#1976;$Green$&$Stephenson$2003).$It$is$thought$to$have$ been$ the$ brightest$ star$ ever$ witnessed$ on$ Earth$ in$ historical$ time$(Stephenson$et#al.$1977).$We$measured$new$single$rings$of$oak$(Quercus#robur),$dendrochronologically$dated$to$the$years$1004$–$1010$CE,$originally$cored$from$beams$ in$ Salisbury$ Cathedral$ (Miles$ 2002).$ These$ results$were$ combined$with$previously$published$data$from$Damon$et#al.$(1995)$and$Menjo$et#al.#(2005).$$
4.#SN1054##This$stellar$explosion$ in$the$Taurus$ constellation$was$observed$ in$China$ in$ July$1054$ (Green$ &$ Stephenson$ 2003).$ Its$ remnant$ gas$ clouds$ now$ form$ the$ Crab$Nebula.$For$this$event,$we$utilise$the$published$results$of$Menjo$et#al.$(2005).$$
5.#SN1572#(Tycho’s#Supernova)#This$ supernova$ is$ named$ for$ the$ Danish$ astronomer,$ Tycho$ Brahe,$ who$witnessed$ the$ appearance$ of$ the$ star$ in$ β# Cassiopeiae$ in$ early$ 1572$ CE$ and$published$ his$ observations$ the$ following$ year.$ For$ this$ event,$ we$ utilise$ the$singlePyear$treePring$data$of$IntCal13$(Reimer$et#al.$2013),$which$extend$back$to$the$midP16th$century$CE.$
*
6.#SN1604#(Kepler’s#Supernova)#The$last$nearPEarth$SN$to$be$observed$on$Earth$was$more$than$400$years$ago,$in$1604$ CE.$ Although$ extensively$ documented$ around$ the$ world,$ the$ most$renowned$observations$were$made$by$Johannes$Kepler$in$his$publication$Stella#
Nova#in#Pede#Serpentarii$(Kepler$1606).$Once$more,$the$singlePyear$treePring$data$of$IntCal13$(Reimer$et#al.$2013)$are$utilised$for$this$event.$$$The$ treePrings$ obtained$ for$ this$ work$ by$ the$ Oxford$ Radiocarbon$ Accelerator$Unit$(ORAU)$for$the$SB$and$SN185$were$treated$to$αPcellulose$in$accordance$with$recently$ published$ protocols$ (Staff$ et# al.$ 2014).$ The$ samples$ for$ SN1006$were$given$the$standard$prePtreatment$ for$wood$samples$(Brock$et#al.$2010).$All$ the$cellulosic$ fractions$ extracted$ were$ combusted,$ graphitised$ and$ measured$ on$ORAU’s$AMS$system,$as$described$in$Brock$et#al.$(2010)$and$Bronk$Ramsey$et#al.$(2004).$
*
Results*The$new$Δ14C$measurements$obtained$by$ORAU,$together$with$all$the$previously$published$ data$ used$ in$ this$ study,$ are$ given$ in$ Tables$ S1$ and$ S2$ in$ the$supplementary$ online$material.$ The$ new$ and$ existing$ data$ are$ summarised$ in$Table$2,$and$graphically$ in$Figure$2,$ for$ the$5$years$ leading$up$to$and$10$years$following$each$historical$observation.$Weighted$averages$were$produced$for$the$three$data$sets$available$for$SN1006.$In$one$sense,$this$is$not$the$most$effective$means$ of$ determining$whether$ an$ uplift$ occurred$ at$ this$ time,$ as$ the$ absolute$data$ come$ from$ different$ species,$ and$ different$ parts$ of$ the$ Northern$Hemisphere.$However,$if$a$spike$did$occur,$ it$should$be$synchronous$across$the$hemisphere$ so$yearly$averaging$would$not$affect$ this$pattern.$Nonetheless,$ the$three$ data$ sets$ available$ for$ SN1006$ are$ also$ given$ independently$ in$ Table$ S1$and$Figure$S1$of$the$supplementary$online$material.$$
*
Discussion*Whilst$the$amalgamated$data$sets$presented$here$do$reveal$the$natural$yearPonPyear$ undulation$ in$ atmospheric$ 14C$ concentration,$ the$ trends$ exhibited$ by$ the$Δ14C$ traces$ in$Figure$2$stand$ in$ stark$contrast$ to$ the$Miyake$Event$depicted$ in$Figure$1.$If$anything,$a$levelling$or$gradual$decrease$in$atmospheric$14C$levels$can$be$discerned$in$the$data$for$the$ten$years$following$each$historical$observation.$It$is$ important$ to$ emphasise$ that$ the$ observation$dates$ of$ the$ supernovae$ in$ the$second$millennium$ CE$ are$ exactly$ known,$ although$ the$ evidence$ pertaining$ to$the$ earlier$ events$ is$more$ equivocal.$ Thus,$ any$ rise$ in$ 14C,$which$predates# the$historical$observation,$as$can$be$seen$in$the$profile$relating$to$SN1054,$cannot$be$causally$ linked$with$ the$stellar$explosion.$The$gamma$rays$ from$the$supernova$would$arrive$at$the$same$time$as$the$visible$light,$and$any$potential$impact$on$14C$levels$would$only$be$evident$after$this$point$in$time.$$$Despite$the$lack$of$any$distinct$spikes$in$the$data,$the$precision$of$individual$14C$measurements$remains$an$issue.$It$is$possible$that$the$γPray$flux$from$these$SNe$did$ increase$ 14C$ production$ by$ <1‰,$ and$ the$ resultant$ shifts$ are$ simply$ not$detectable$by$this$approach.$Moreover,$although$improvements$to$AMS$precision$are$proceeding$apace,$distinguishing$anomalies$at$such$levels$of$sensitivity$is$not$
thought$ likely$ in$ the$ foreseeable$ future.$ Indeed,$ it$ is$ not$ possible$ yet$ to$ define$which$precise$radiationPproducing$events$may$be$detectable$by$this$method.$As$alluded$to$earlier,$ the$causes$of$gammaPray$impacts$on$the$Earth$are$many$and$varied$ and$ their$ impacts$ hard$ to$ resolve.$ For$ example,$ even$ if$ a$ more$pronounced$ singlePyear$ rise$ is$ detected$ in$ future,$ it$ cannot$ automatically$ be$assumed$that$a$supernova$ is$not$the$cause.$On$the$contrary,$Miyake$Events$are$thought$ to$ represent$ the$ upper$ end$ of$ solar$ emissions$ (Eichler$ and$ Mordecai$2012;$ Usoskin$ et# al.$ 2013;$ Cliver$ et# al.$ 2014),$ which$ implies$ that$ upsurges$ of$greater$magnitude$may$require$extraPsolar$explanations.$An$ intense$pulse$of$γPrays$ from$ a$ very$ nearby$ SN,$ should$ remain$ a$ possible$ cause,$ especially$ when$surveying$data$over$kiloyear$ timescales.$Distinguishing$evidence$may$be$ found$using$ other$ proxies.$ For$ example,$ it$ has$ long$ been$ hypothesized$ that$ intense$bursts$of$highPenergy$γPflux$would$also$be$accompanied$by$ozone$depletion,$on$account$of$increased$initiation$of$nitrogen$radicals$in$the$atmosphere$(Ruderman$1974).$ However,$ the$ search$ for$ geochemical$ and$ palaeoecological$ evidence$ in$support$of$these$hypotheses$has$also$proven$inconclusive,$or$implied$extremely$low$rates$of$occurrence$(Reid$et#al.$1978;$Ellis$and$Schramm$1995;$Benitez$et#al.$2002;$Gehrels$et#al.$2003).$$With$ regard$ to$ the$ exact$ mechanisms$ behind$ Miyake$ Events,$ however,$ the$approach$applied$here$may$provide$further$important$information.$It$has$already$been$speculated$ that$ the$775$CE$event,$may$be$more$accurately$described$as$a$‘superflare’.$ Using$ Kepler$ photometry,$ Maehara$ et# al.$ (2012)$ showed$ that$superflares$are$common$on$sunPlike$stars.$Determining$whether$this$is$true$also$of$ the$ sun,$ and$ what$ might$ be$ driving$ such$ superflares,$ is$ an$ active$ topic$ of$research.$ As$ noted$ by$ Melott$ &$ Thomas$ (2012),$ if$ the$ 775$ CE$ anomaly$ was$caused$ by$ a$ solar$ superflare,$ a$ recurrence$ may$ pose$ a$ significant$ threat$ to$modern$ technological$ civilisation,$ potentially$ destroying$ satellites$ and$ EarthPbound$ electrical$ infrastructure.$ From$ Kepler$ analysis$ of$ oscillations$ in$ stellar$superflares$ (Balona$ et# al.$ 2015)$ and$ associated$ starspotPrelated$ photometric$variability$ (Notsu$ et# al.$ 2013;$ Maehara$ et# al.$ 2015),$ it$ appears$ likely$ that$superflares,$ like$ lesser$ flares,$ are$ powered$ by$ the$ energy$ stored$ in$ a$ star's$magnetic$field$configuration.$It$is$not$yet$clear,$however,$if$these$are$occur$on$the$sun$as$rare$events$drawn$from$the$same$distribution$as$ordinary$solar$flares,$or$if$ the$ occurrence$ of$ superflares$ is$ confined$ to$ younger$ stars$ (Wichmann$ et# al.$2014).$ A$ longPterm$ radioisotope$ record$ of$ solar$ activity,$ including$ Miyake$Events,$will$help$answer$this$question.$$
Conclusion*In$ contrast$ with$ Damon$ et# al.$ (1995),$ we$ have$ uncovered$ no$ evidence$ that$SN1006$or$any$of$five$other$historical$or$putative$SNe$caused$detectable$uplifts$in$ the$ atmospheric$ concentrations$ of$ 14C.$ However,$ this$ approach$ still$ retains$enormous$ potential$ for$ elucidating$ the$ origin$ and$ nature$ of$ past$ radiation$impacts$on$Earth.$$
Acknowledgements*The$14C$measurements$obtained$by$ORAU$this$work$were$funded$by$the$Balliol$Interdisciplinary$Institute.$M.$W.$Dee$is$supported$by$a$Leverhulme$Trust$Early$Career$Fellowship.$
$$
References*Baldwin$GC,$Kleiber$GS.$1947.$PhotoPfission$ in$heavy$elements.$Physical#Review#
Letters$71(1):$3P10.$Balona$ LA,$ Broomhall$ APM,$ Kosovichev$ A,$ Nakariakov$ VM,$ Pugh$ CE,$ van$Doorsselaere$ T.$ 2015.$Monthly#Notices# of# the# Royal# Astronomical# Society$
450:$956–966.$$Benitez$ N,$ MaízPApellániz$ J,$ Canelles$ M.$ 2002.$ Evidence$ for$ nearby$ supernova$explosions.$Physical#Review#Letters$88(8).$Brock$F,$Higham$TFG,$Ditchfield$P,$Bronk$Ramsey$C.$2010.$Current$pretreatment$methods$ for$ AMS$ radiocarbon$ dating$ at$ the$ Oxford$ Radiocarbon$Accelerator$Unit$(ORAU).$Radiocarbon$52,$103–112.$$Bronk$ Ramsey$ C,$ Higham$ TFG,$ Leach$ P.$ 2004.$ Towards$ highPprecision$ AMS:$progress$and$limitations.$Radiocarbon$46,$17–24.$Burr$ GS.$ 2013.$ Radiocarbon$ dating:$ causes$ of$ temporal$ variations.$ In:$
Encyclopedia#of#Quaternary#Science$(2nd$edition),$eds.$Elias$SA,$and$Mock$CJ.$Oxford:$Elsevier,$pp.$336P344.$Carlson$ BE,$ Lehtinen$ NG,$ Inan$ US.$ 2010.$ Neutron$ production$ in$ terrestrial$gamma$ray$flashes.$Journal#of#Geophysical#Research$115:1P6.$Chin$YPN,$Huang$YPL.$1994.$Identification$of$the$guest$star$of$AD$185$as$a$comet$rather$than$a$supernova.$Nature$371:$398$–$399.$Clark$ DH,$ Stephenson$ FR.$ 1976.$Which$ historical$ new$ stars$were$ supernovae?$
Royal#Astronomical#Society#Quarterly#Journal$17:$290P302.$Cliver$ EW,$ Tylka$ AJ,$ Dietrich$ WF,$ Ling$ AG.$ 2014.$ On$ a$ solar$ origin$ for$ the$cosmogenic$nuclide$event$of$775$A.D.$The#Astrophysical#Journal$781(32):$1P4.$Damon$ PE,$ Kaimei$ D,$ Kocharov$ GE,$ Mikheevai$ IB,$ Peristykh$ AN.$ 1995.$Radiocarbon$ production$ by$ the$ gammaPray$ component$ of$ supernovae$explosions.$Radiocarbon$37(2):$599P604.$Eichler$D,$Mordecai$D.$2012.$Comet$encounters$and$carbon$14.$The#Astrophysical#
Journal$761:L27:$1P3.$Ellis$ J,$ Schramm$DN.$1995.$Could$ a$nearby$ supernova$ explosion$have$ caused$a$mass$extinction?$Proceedings#of#the#National#Academy#of#Sciences$92:$235P238.$Firestone$RB.$2014.$Observation$of$23$supernovae$ that$exploded$<300$pc$ from$Earth$during$the$past$300$kyr.$The#Astrophysical#Journal$789(29):$1P11.$Gehrels$N,$Laird$CM,$Jackman$CM,$Cannizzo$JK,$Mattson$BJ,$Chen$W.$2003.$$Ozone$depletion$from$nearby$supernovae.$The#Astrophysical#Journal$585:$1169–1176$Green$DA,$Stephenson$FR.$2003.$The$historical$ supernovae.$ In:$Supernovae#and#
Gamma#Ray#Bursters,$pp.$7P20,$ed.$KW$Weiler,$New$York:$Springer.$Güttler$D,$Adolphi$F,$Beer$J,$Bleicherd$N,$Boswijke$G,$Christl$M,$Hogg$A,$Palmer$J,$Vockenhuber$ C,$ Wacker$ L,$ Wundereet$ J.$ 2015.$ Rapid$ increase$ in$cosmogenic$radiocarbon$in$AD$775$measured$in$New$Zealand$Kauri$trees$indicates$ shortPlived$ increase$ in$ radiocarbon$ production$ spanning$ both$hemispheres.$Earth#and#Planetary#Science#Letters$411:$290P297.$Hambaryan$VV,$Neuhäuser$R.$2013.$A$galactic$ short$gammaPray$burst$as$ cause$for$ the$ 14C$peak$ in$AD$774/5.$Monthly#Notices#of# the#Royal#Astronomical#
Society$430:$32P36.$
Jull$ AJT,$ Panyushkina$ IP,$ Lange$ TE,$ Kukarskih$ VV,$ Myglan$ VS,$ Clark$ KJ,$ Salzer$MW,$Burr$GS,$Leavitt$SW.$2014.$Excursions$in$the$14C$record$at$A.D.$774–775$ in$ tree$rings$ from$Russia$and$America.$Geophysical#Research#Letters#
41:$3004P3010$Kepler$J.$1606.$De#stella#nova#in#pede#Serpentarii.$Prague:$Typis$Pauli$Sessii.$Kidger,$ M.$ 1999.$ The# Star# of# Bethlehem,# an# Astronomers# View.$ Princeton$University$Press:$Princeton.$Lal$D,$Peters$B.$1967.$Cosmic$ray$produced$radioactivity$on$the$Earth.$In:$Sitte$K,$ed.$Encyclopedia#of#Physics,#vol.$9.$Berlin:$SpringerPVerlag,#$pp$551P612.$$Levin$ I,$Naegler$T,$Kromer$B,$Diehl$M,$ Francey$RJ,$ GomezPPelaez$AJ,$ Steele$ LP,$Wagenbach$D,$Weller$R,$Worthy$D.$2010.$Observations$and$modelling$of$the$ global$distribution$ and$ longPterm$ trend$of$ atmospheric$ 14CO2.$Tellus$
62(1):$26–46.$Lingenfelter$RE.$1963.$Production$of$carbon$14$by$cosmicPray$neutrons.$Reviews#
of#Geophysics$1(1):$35P55.$Maehara$H,$Shibayama$T,$Notsu$S,$Nagao$T,$Kusaba$S,$Honda$S,$Nogami$D,$Shibata$K.$2012.$Superflares$on$solarPtype$stars.$Nature$485:$478P481.$Maehara$H,$Shibayama$T,$Notsu$Y,$Notsu$S,$Honda$S,$Nogami$D,$Shibata$K.$2015.$$Statistical$ properties$ of$ superflares$ on$ solarPtype$ stars$ based$ on$ 1Pmin$cadence$data.$Earth,#Planets#and#Space$67:59.$Masarik$J,$Beer$J.$2009.$An$updated$simulation$of$particle$fluxes$and$cosmogenic$nuclide$ production$ in$ the$ Earth's$ atmosphere.$ Journal# of# Geophysical#
Research$114(D11):$1P9.$Mekhaldi$F,$Muscheler$R,$Adolphi$F,$Aldahan$A,$Beer$J,$McConnell$JR,$Possnert$G,$Sigl$ M,$ Svensson$ A,$ Synal$ HPA,$ Welten$ KC,$ Woodruff$ TE.$ 2015.$Multiradionuclide$evidence$for$the$solar$origin$of$the$cosmicPray$events$of$AD$774/5$and$993/4.$Nature#Communications!6:$1P8.$Melott$AL,$Thomas$BC.$2012.$Causes$of$an$AD$774–775$14C$increase.$Nature#491:$E1PE2.$Melott$AL,$Usoskin$IG,$Kovaltsov$GA,$Laird$CM.$2015.$Has$the$Earth$been$exposed$to$numerous$supernovae$within$the$last$300$kyr?$International#Journal#of#
Astrobiology$14(3):$375–378.$Menjo$ H,$ Miyahara$ H,$ Kuwana$ K,$ Masuda$ K,$ Muraki$ Y,$ Nakamura$ T.$ 2005.$Possibility$ of$ the$ detection$ of$ past$ supernova$ explosion$ by$ radiocarbon$measurement.$ In:$ Proceedings# of# the# 29th# International# Cosmic# Ray#
Conference$(Pune)$2:$357P360.$Miles,$ DWH,$ 2002.$ The$ treePring$ dating$ of$ the$ roof$ carpentry$ of$ the$ Eastern$Chapels,$ North$ Nave$ Triforium,$ and$ North$ Porch,$ Salisbury$ Cathedral,$Wiltshire.$Centre#for#Archaeology#Report$94/2002.$Miyake$ F,$ Nagaya$ K,$ Masuda$ K,$ Nakamura$ T.$ 2012.$ A$ signature$ of$ cosmicPray$increase$in$AD$774–775$from$tree$rings$in$Japan.$Nature#486:$240P242.$Miyake$F,$Masuda$K,$Nakamura$T.$2013.$Another$ rapid$event$ in$ the$ carbonP14$content$of$tree$rings.$Nature#Communications$4:$1748P1752.$Notsu$Y,$Shibayama$T,$Maehara$H,$Notsu$S,$Nagao$T,$Honda$S,$Ishii$TT,$Nogami$D,$Shibata$K.$2013.$Superflares$on$solarPtype$stars$observed$with$Kepler$II.$Photometric$ variability$ of$ superflarePgenerating$ stars:$ a$ signature$ of$stellar$rotation$and$starspots.$The#Astrophysical#Journal$771$(2):$127.$Pavlov$ AK,$ Blinov$ AV,$ Vasilyev$ GI,$ Vdovina$ MA,$ Volkov$ PA,$ Konstantinov$ AN,$Ostryakov$ VM.$ 2013.$ GammaPray$ bursts$ and$ the$ production$ of$
cosmogenic$ radionuclides$ in$ the$ Earth’s$ Atmosphere.$Astronomy# Letters$
39(9):$571P577.$Povinec$ P,$ Tokar$ T.$ 1979.$ GammaPrays$ from$ supernovae$ and$ radiocarbon$production.$ In:$Proceedings#of#16th# International#Cosmic#Rays#Conference,$ed.$S.$Miyake,$pp.$237P242,$Tokyo:$University$of$Tokyo$Press.$Reid$GC,$McAfee$JR,$Crutzen$PJ.$1978.$Effects$of$intense$stratospheric$ionisation$events.$Nature$275:$489P492$Reimer$PJ,$Bard$E,$Bayliss$A,$Beck$JW,$Blackwell$PG,$Bronk$Ramsey,$C,$Buck$CE,$Cheng$H,$Edwards$RL,$Friedrich$M,$Grootes$PM,$Guilderson$TP,$Haflidason$H,$Hajdas$I,$Hatté$C,$Heaton$TJ,$Hoffmann$DL,$Hogg$AG,$Hughen$KA,$Kaiser$KF,$ Kromer$B,$Manning$ SW,$Niu$M,$ Reimer$RW,$Richards$DA,$ Scott$ EM,$Southon$ JR,$ Staff$ RA,$ Turney$ CSM.$ van$ der$ Plicht$ J.$ 2013.$ IntCal13$ and$Marine13$ radiocarbon$ age$ calibration$ curves$ 0P$ 50,000$ years$ cal$ BP.$
Radiocarbon#55(4):$1869P1887.$Schaefer$BE.$ 1995.$ ‘Supernova’$ 185$ is$ really$ a$ nova$plus$ comet$ PPSwift/Tuttle.$
The#Astronomical#Journal$110(4):$1793P1795.$Staff$ RA,$ Reynard$ L,$ Brock$ F,$ Bronk$ Ramsey$ C.$ 2014.$ Wood$ pretreatment$protocols$ and$ measurement$ of$ treePring$ standards$ at$ the$ Oxford$Radiocarbon$Accelerator$Unit$(ORAU).$Radiocarbon$56(2):$709–715.$Stephenson$ FR.$ 2015.$ Astronomical$ evidence$ relating$ to$ the$ observed$ 14C$increases$ in$ A.D.$ 774–5$ and$ 993–4$ as$ determined$ from$ tree$ rings.$
Advances#in#Space#Research$55(6):$1537P1545.$Stephenson$ FR,$ Clark$ DH,$ Crawford$ DF.$ 1977.$ The$ supernova$ of$ AD$ 1006.$
Monthly#Notices#of#the#Royal#Astronomical#Society$180:$567P564.$Strom$ RG.$ 2008.$ The$ origin$ and$ meaning$ of$ colourful$ descriptions$ in$ ancient$Chinese$records.$ Journal#of#Astronomical#History#and#Heritage$11(2):$87P96.$$Tammann$ GA,$ Löffler$ W,$ Schröder$ A.$ 1994.$ The$ galactic$ supernova$ rate.$
Astrophysical#Journal#Supplement#Series*92:$487P493.$Thomas$ BC,$ Melott$ AL,$ Arkenberg$ KR,$ Snyder$ BR.$ 2013.$ Terrestrial$ effects$ of$possible$ astrophysical$ sources$ of$ an$ AD$ 774P775$ increase$ in$ 14C$production.$Geophysical#Research#Letters$40:$1237P1240.$Tipler$FJ.$2005.$The$Star$of$Bethlehem:$a$type$Ia/Ic$supernova$in$the$Andromeda$galaxy?$The#Observatory$125:$168P174$TsePTsung$H.$1957.$A$new$catalog$of$novae$recorded$in$the$Chinese$and$Japanese$Chronicles.$Soviet#Astronomy$1:$161.$Usoskin$ IG,$Kromer$B,$Ludlow$F,$Beer$ J,$Friedrich$M,$Kovaltsov$GA,$Solanki$SK,$Wacker$L.$2013.$The$AD$775$cosmic$event$revisited:$the$sun$is$to$blame.$
Astronomy#and#Astrophysics$L3:$1P4.$Wichmann$R,$Fuhrmeister$B,$Wolter$U,$Nagel$E.$2014.$Kepler$superPflare$stars:$what$are$they?$Astronomy$&$Astrophysics$567(A36).$Zhao$FPY,$Strom$RG,$Jiang$SPY.$2006.$The$guest$star$of$AD185$must$have$been$a$supernova.$Chinese#Journal#of#Astronomy#and#Astrophysics$6(5):$635–640.$$
!40$
!35$
!30$
!25$
!20$
!15$
!10$
!5$
0$
5$
10$
!35$
!30$
!25$
!20$
!15$
!10$
!5$
0$
5$
10$
15$
769$ 770$ 771$ 772$ 773$ 774$ 775$ 776$ 777$ 778$ 779$ 780$ 781$ 782$ 783$ 784$
Δ14C%(‰)%%
Sth%Hem.%
Δ14C%(‰)%%
Nth%Hem.%
Year%(CE)%
Russia$(Larch)$
USA$(Pine)$
Germany$(Oak)$
Japan$(Cedar)$
NZ$(Kauri)$
!40$
!35$
!30$
!25$
!20$
!15$
!10$
!5$
0$
5$
10$
!5$ !4$ !3$ !2$ !1$ 0$ 1$ 2$ 3$ 4$ 5$ 6$ 7$ 8$ 9$ 10$
!Δ14C!(‰)!!
Years!Before!and!A4er!SNe!Observed!
SB$ SN185$
SN1006$ SN1054$
SN1572$ SN1604$
Figure' 1.' Published' Δ14C' data' on' the' Miyake' Event' in' 775' CE.' The' 4'
Northern' Hemisphere' data' sets' [Japan' (Miyake' et# al.' 2012);' Germany'
(Usoskin'et#al.' 2013);'USA'and'Russia' (Jull'et#al.' 2013)'pertain' to' the' left'
hand'axis,'and'the'New'Zealand'data'(Güttler'et#al.'2015)'to'the'right'hand'
axis.'The'latter'is'offset'by'5'‰'to'account'for'the'differences'in'absolute'
activity'in'the'two'hemispheres."""
Figure'2.'New'and'collated'Δ14C'data'over'historical'observations'of'known'
or'potential'nearXEarth'supernovae.'The'horizontal'axis'is'divided'into'the'
5'calendar'years'leading'up'to'the'observation'and'the'10'years'after'it.'""
Name! Date'
(AD)! Distance'(kpc)! Type! Historical'Documentation!SB! ~!4!BC! &! &! Biblical!tradition!SN185! 185! 1.8! &! Observed!in!China!SN386! 386! &! &! Observed!in!China!!SN393! 393! 0.5! &! Observed!in!China!!SN1006! 1006! 1.6! Ia! Observed!in!Asia!&!Europe!SN1054! 1054! 2.0! II! Widely!observed!in!Asia!SN1181! 1181! 2.6! &! Observed!in!China!&!Japan!!SN1572! 1572! 2.5! Ia! Widely! observed! (studied!by!Tycho!Brahe)!SN1604! 1604! 1.8! &! Widely! observed! (studied!by!Johannes!Kepler)!
'
Table' 1' Historical' records' of' ephemeral' stars' thought' to' be' galactic'
supernovae.'The'observational' records' come' from'Tse@Tsung' (1957)' and'
Green' and' Stephenson' (2003);' the' distances' from' Earth' for' SN185' and'
SN393'come' from'Damon'et'al.' (1995)'and'the'remainder' from'Firestone'
(2014),'but'estimates'vary'widely.!
Name% Year%
(AD)%
Weighted%
Averages%
Data%Incorporated%
% % Δ14C%
(‰)%
± (σ)% %SB# 6#BC# &13.3# 3.6# This#work## 5#BC# &15.1# 3.8# ## 4#BC# &15.0# 3.7# ## 3#BC# &15.7# 3.6# ## 2#BC# &15.0# 2.4# ## 1#BC# &16.1# 3.6# #SN185# 183# &19.6# 3.5# This#work## 184# &31.1# 3.5# ## 185# &22.5# 3.4# ## 186# &32.7# 3.4# ## 187# &20.7# 3.5# ## 188# &31.5# 3.5# #SN1006# 1001# &15.3# 2.5# This#work,#Damon#et#al.#(1995),#and#Menjo#et#al.#(2005)## 1002# &15.4# 2.5## 1003# &18.4# 2.5# ## 1004# &15.3# 1.8# ## 1005# &20.4# 1.8# ## 1006# &17.5# 1.8# ## 1007# &18.5# 1.8# ## 1008# &21.2# 1.5# ## 1009# &21.5# 1.5# ## 1010# &16.5# 1.6# ## 1011# &17.3# 1.7# ## 1012# &16.7# 1.7# ## 1013# &14.1# 1.7# ## 1014# &17.7# 2.1# ## 1015# &12.0# 2.3# ## 1016# &17.5# 2.2# #SN1054# 1050# &11.5# 2.8# Menjo#et#al.#(2005)## 1052# &7.8# 2.8# ## 1054# &2.2# 2.8# ## 1056# &7.5# 2.8# ## 1058# &8.4# 2.8# ## 1060# &7.1# 2.8# ## 1062# &10.1# 2.8# ## 1064# &13.3# 2.8# #SN1572# 1567# 4.2# 1.7# Reimer#et#al.#(2013)## 1568# 4.4# 2.5# ## 1569# 5.6# 2.3# ## 1570# 3.5# 1.7# ## 1571# 5.4# 2.5# ## 1572# 6.3# 2.3# #
# 1573# 7.9# 2.5# ## 1574# 4.0# 1.2# ## 1575# 3.9# 2.3# ## 1576# 1.8# 2.2# ## 1577# 3.3# 2.5# ## 1578# 5.2# 2.3# ## 1579# 2.4# 2.2# ## 1580# 3.6# 2.3# ## 1581# &0.3# 2.2# ## 1582# 3.1# 2.3# #SN1604# 1599# &1.0# 2.2# Reimer#et#al.#(2013)## 1600# 0.8# 1.6# ## 1601# &1.4# 1.7# ## 1602# &2.0# 2.5# ## 1603# &4.3# 2.5# ## 1604# &3.2# 1.1# ## 1605# &5.4# 1.8# ## 1606# &4.7# 1.5# ## 1607# &4.8# 2.6# ## 1608# &3.2# 1.8# ## 1609# &3.4# 1.7# ## 1610# &2.7# 2.5# ## 1611# &6.4# 1.8# ## 1612# &1.4# 2.5# ## 1613# &5.2# 2.2# ## 1614# &2.3# 1.2# #%
Table% 2% The% six% astronomical% records% investigated% in% this% study.% Where%
available,%data%are%given%for%the%5%years%leading%up%to%the%first%observation%
and% the% 10% years% thereafter.% Weighted% averages% were% calculated% for%
SN1006,% as% multiple% data% sets% were% available% for% this% event.% The%
supplementary% online% material% gives% details% of% all% the% underlying% data%
(Table%S1),% as%well% as% the%new%results% expressed%as% conventional% 14C%ages%
(Table%S2).%
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Figure!S1.!The!three!data!sets!that!were!combined!to!form!one!trace!for!SN1006!
SN1006$(This$Work)$
SN1006$(Menjo$et$al.$2006)$
SN1006$(Damon$et$al.$1995)$
(AD) Relative Δ14C0(‰) ± Δ14C0(‰) ± Δ14C0(‰) ± Δ14C0(‰) ± Δ14C0(‰) ± Δ14C0(‰) ± Δ14C0(‰) ± Δ14C0(‰) ± Δ14C0(‰) ± Δ14C0(‰) ±
6"BC %1 %13.3 3.6 313.3 3.6 ORAU
5"BC 0 %15.1 3.8 315.1 3.8 ORAU
4"BC 1 %15.0 3.7 315.0 3.7 ORAU
3"BC 2 %15.7 3.6 315.7 3.6 ORAU
2"BC 3 %15.0 2.4 315.0 2.4 ORAU
1"BC 4 %16.1 3.6 316.1 3.6 ORAU
183 %2 %19.6 3.5 319.6 3.5 ORAU
184 %1 %31.1 3.5 331.1 3.5 ORAU
185 0 %22.5 3.4 322.5 3.4 ORAU
186 1 %32.7 3.4 332.7 3.4 ORAU
187 2 %20.7 3.5 320.7 3.5 ORAU
188 3 %31.5 3.5 331.5 3.5 ORAU
769 %5 %16.2 4.8 %12.2 3.6 %20.8 2.4 317.9 1.8 Jull"et#al."2013;"Usoskin#et#al."2013
770 %4 %18.5 1.2 %18.1 3.5 %19.9 3.5 %18.8 2.2 318.6 1.0 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
771 %3 %21.7 2.7 %15.2 4.0 %16.6 3.5 %15.6 2.2 317.4 1.4 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
772 %2 %17.7 1.2 %17.2 3.5 %15.2 3.6 %17.1 2.7 317.4 1.0 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
773 %1 %23.2 2.8 %18.3 3.5 %17.4 3.5 %22.3 2.5 320.9 1.5 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
774 0 %17.7 1.5 %11.6 3.5 %17.1 3.5 %18.3 2.8 317.1 1.2 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
775 1 %5.8 1.8 %2.4 4.9 %3.2 3.5 %5.0 2.8 35.0 1.3 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
776 2 %2.5 1.5 2.2 3.6 %3.6 3.6 1.2 2.7 31.4 1.2 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
777 3 %5.3 1.8 1.6 3.5 %3.2 3.5 6.8 2.8 31.5 1.3 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
778 4 %4.7 1.5 0.4 3.8 %7.9 2.9 %1.6 2.8 34.2 1.1 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
779 5 %7.2 1.8 0.0 3.6 %8.9 2.8 %1.9 2.8 35.6 1.2 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
780 6 %6.0 1.8 %6.1 3.0 %7.4 2.9 %2.5 2.8 35.6 1.2 Miyake"et#al.#2012;"Jull"et#al."2013;"Usoskin#et#al."2013
781 7 %7.0 2.7 %8.2 3.1 37.5 2.0 Jull"et#al."2013
782 8 %3.5 3.1 %5.6 4.0 34.3 2.5 Jull"et#al."2013
783 9 %8.8 3.5 %8.9 2.7 38.9 2.1 Jull"et#al."2013
784 10 %3.3 2.9 %11.0 2.8 37.3 2.0 Jull"et#al."2013
988 %5 %21.9 1.8 321.9 1.8 Miyake"et"al."2013;"Miyake"et"al."2014
989 %4 %20.2 1.9 %21.3 1.8 320.8 1.3 Miyake"et"al."2013;"Miyake"et"al."2014
990 %3 %25.3 2.9 %22.5 1.7 323.2 1.5 Miyake"et"al."2013;"Miyake"et"al."2014
991 %2 %21.5 1.5 %23.1 1.9 322.1 1.2 Miyake"et"al."2013;"Miyake"et"al."2014
992 %1 %22.8 2.0 %24.4 1.9 323.6 1.4 Miyake"et"al."2013;"Miyake"et"al."2014
993 0 %20.7 1.6 %25.3 1.7 322.9 1.2 Miyake"et"al."2013;"Miyake"et"al."2014
994 1 %11.5 2.0 %14.0 1.8 312.9 1.3 Miyake"et"al."2013;"Miyake"et"al."2014
995 2 %12.9 1.5 %18.1 1.7 315.2 1.1 Miyake"et"al."2013;"Miyake"et"al."2014
996 3 %11.3 2.0 %16.7 1.7 314.4 1.3 Miyake"et"al."2013;"Miyake"et"al."2014
997 4 %14.2 2.0 %16.4 1.7 315.5 1.3 Miyake"et"al."2013;"Miyake"et"al."2014
998 5 %15.3 2.0 315.3 2.0 Miyake"et"al."2013;"Miyake"et"al."2014
999 6 %13.3 1.6 313.3 1.6 Miyake"et"al."2013;"Miyake"et"al."2014
1001 8 %15.0 2.9 315.0 2.9 Miyake"et"al."2013;"Miyake"et"al."2014
1003 10 %17.0 2.6 317.0 2.6 Miyake"et"al."2013;"Miyake"et"al."2014
1001 %5 %15.3 2.5 315.3 2.5 Menjo"et#al."2005
1002 %4 %15.4 2.5 315.4 2.5 Menjo"et#al."2005
1003 %3 %18.4 2.5 318.4 2.5 Menjo"et#al."2005
1004 %2 %13.2 3.4 %14.6 3.9 %16.8 2.5 315.3 1.8 ORAU;"Damon"et#al."1995;"Menjo"et#al."2005
1005 %1 %23.6 3.4 %18.7 4.0 %19.3 2.5 320.4 1.8 ORAU;"Damon"et#al."1995;"Menjo"et#al."2006
1006 0 %12.5 3.2 %21.8 4.0 %19.0 2.5 317.5 1.8 ORAU;"Damon"et#al."1995;"Menjo"et#al."2007
1007 1 %17.5 3.8 %19.3 3.7 %18.6 2.5 318.5 1.8 ORAU;"Damon"et#al."1995;"Menjo"et#al."2008
1008 2 %23.6 3.4 %21.1 3.4 %20.4 1.9 321.2 1.5 ORAU;"Damon"et#al."1995;"Menjo"et#al."2009
1009 3 %24.5 3.5 %22.2 3.8 %20.5 1.9 321.5 1.5 ORAU;"Damon"et#al."1995;"Menjo"et#al."2010
1010 4 %16.2 3.8 %15.2 3.3 %17.0 2.0 316.5 1.6 Damon"et#al."1995;"Menjo"et#al."2011
1011 5 %10.0 3.5 %19.7 2.0 317.3 1.7 Damon"et#al."1995;"Menjo"et#al."2012
1012 6 %17.1 3.3 %16.5 2.0 316.7 1.7 Damon"et#al."1995;"Menjo"et#al."2013
1013 7 %11.1 3.2 %15.3 2.0 314.1 1.7 Damon"et#al."1995;"Menjo"et#al."2014
1014 8 %16.7 3.0 %18.5 2.8 317.7 2.1 Damon"et#al."1995;"Menjo"et#al."2015
1015 9 %11.8 4.1 %12.1 2.8 312.0 2.3 Damon"et#al."1995;"Menjo"et#al."2016
1016 10 %18.3 3.4 %17.0 2.8 317.5 2.2 Damon"et#al."1995;"Menjo"et#al."2017
1050 %4 %11.5 2.8 311.5 2.8 Menjo"et#al."2005
1052 %2 %7.8 2.8 37.8 2.8 Menjo"et#al."2005
1054 0 %2.2 2.8 32.2 2.8 Menjo"et#al."2005
1056 2 %7.5 2.8 37.5 2.8 Menjo"et#al."2005
1058 4 %8.4 2.8 38.4 2.8 Menjo"et#al."2005
1060 6 %7.1 2.8 37.1 2.8 Menjo"et#al."2005
1062 8 %10.1 2.8 310.1 2.8 Menjo"et#al."2005
1064 10 %13.3 2.8 313.3 2.8 Menjo"et#al."2005
1567 %5 4.2 1.7 4.2 1.7 Reimer"et#al.#2013
1568 %4 4.4 2.5 4.4 2.5 Reimer"et#al.#2013
1569 %3 5.6 2.3 5.6 2.3 Reimer"et#al.#2013
1570 %2 3.5 1.7 3.5 1.7 Reimer"et#al.#2013
1571 %1 5.4 2.5 5.4 2.5 Reimer"et#al.#2013
1572 0 6.3 2.3 6.3 2.3 Reimer"et#al.#2013
1573 1 7.9 2.5 7.9 2.5 Reimer"et#al.#2013
1574 2 4.0 1.2 4.0 1.2 Reimer"et#al.#2013
1575 3 3.9 2.3 3.9 2.3 Reimer"et#al.#2013
1576 4 1.8 2.2 1.8 2.2 Reimer"et#al.#2013
1577 5 3.3 2.5 3.3 2.5 Reimer"et#al.#2013
1578 6 5.2 2.3 5.2 2.3 Reimer"et#al.#2013
1579 7 2.4 2.2 2.4 2.2 Reimer"et#al.#2013
1580 8 3.6 2.3 3.6 2.3 Reimer"et#al.#2013
1581 9 %0.3 2.2 30.3 2.2 Reimer"et#al.#2013
1582 10 3.1 2.3 3.1 2.3 Reimer"et#al.#2013
1599 %5 %1.0 2.2 31.0 2.2 Reimer"et#al.#2013
1600 %4 0.8 1.6 0.8 1.6 Reimer"et#al.#2013
1601 %3 %1.4 1.7 31.4 1.7 Reimer"et#al.#2013
1602 %2 %2.0 2.5 32.0 2.5 Reimer"et#al.#2013
1603 %1 %4.3 2.5 34.3 2.5 Reimer"et#al.#2013
1604 0 %3.2 1.1 33.2 1.1 Reimer"et#al.#2013
1605 1 %5.4 1.8 35.4 1.8 Reimer"et#al.#2013
1606 2 %4.7 1.5 34.7 1.5 Reimer"et#al.#2013
1607 3 %4.8 2.6 34.8 2.6 Reimer"et#al.#2013
1608 4 %3.2 1.8 33.2 1.8 Reimer"et#al.#2013
1609 5 %3.4 1.7 33.4 1.7 Reimer"et#al.#2013
1610 6 %2.7 2.5 32.7 2.5 Reimer"et#al.#2013
1611 7 %6.4 1.8 36.4 1.8 Reimer"et#al.#2013
1612 8 %1.4 2.5 31.4 2.5 Reimer"et#al.#2013
1613 9 %5.2 2.2 35.2 2.2 Reimer"et#al.#2013
1614 10 %2.3 1.2 32.3 1.2 Reimer"et#al.#2013
Table0S1:0All0Data
Weighted0AveragesYear0 ORAU Damon0et#al.#(1995) Menjo0et#al.0(2005) Miyake0et#al.#(2012) Reimer0et#al.0(2013) Jull0et#al.#(2013,0Russia) Jull0et#al.#(2013,0USA) Miyake0et#al.#(2013) Usoskin0et#al.#(2013) Miyake0et#al.#(2014)
Name! Lab'Ref! Calendar'
Year'
14C'Date'
(BP)! ± (σ)! δ13C''(PDB)!SB! OxA'30923! 6!BCE! 2007! 29! '23.7!! OxA'30924! 5!BCE! 2021! 31! '24.7!! OxA'30925! 4!BCE! 2019! 30! '25.0!! OxA'30926! 3!BCE! 2024! 29! '24.3!! OxA'30927! 2!BCE! 1982! 30! '22.5!! OxA'31890! 2!BCE! 2044! 26! '22.5!! OxA'30928! 1!BCE! 2025! 29! '24.0!SN185! OxA'30877! 183!CE! 1876! 29! '20.4!! OxA'30878! 184!CE! 1970! 29! '20.2!! OxA'30879! 185!CE! 1898! 28! '19.8!! OxA'30880! 186!CE! 1981! 28! '19.8!! OxA'30881! 187!CE! 1881! 29! '19.9!! OxA'30882! 188!CE! 1969! 29! '19.5!SN1006! OxA'30888! 1004!CE! 1026! 28! '25.3!! OxA'30889! 1005!CE! 1110! 28! '24.9!! OxA'30559! 1006!CE! 1018! 26! '24.7!! OxA'30964! 1007!CE! 1058! 31! '24.7!! OxA'30965! 1008!CE! 1107! 28! '24.4!! OxA'30966! 1009!CE! 1114! 29! '24.6!!
Table'S2.'Further'details'of'the'radiocarbon'dates'obtained'by'Oxford'for'''''
''''''''''''''''''''this'study.'!!
